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INTRODUCTION
Transcranial magnetic stimulation (TMS) is a recently established technique in cognitive neurosciences (reviewed by Walsh and Cowey 2000) , which allows the non-invasive assessment of motor cortical excitability (Rossini et al. 1999) . However, its application to sleep research has been very scarce, and provided contrasting results. In fact, Hess et al. (1987) reported, in a sample of only three subjects, that the amplitude of responses to magnetic stimuli was depressed during slow wave sleep (SWS) and enhanced or the same during REM sleep, the latter result suggesting an enhanced cortical excitability compensating for the spinal inhibition. On the contrary, Stalder et al. (1995) found decreased amplitude of motor evoked potentials (MEP) in REM sleep, and an even larger decrease in SWS. More recently, Grosse et al. (2002) also showed that the activation of the corticospinal system was reduced in all sleep stages, but the largest increases of motor thresholds (MT) were seen during stage 2 and REM sleep, more than SWS. These studies are undoubtedly limited by the fact that delivering one single suprathreshold magnetic stimulus easily awakes subjects, or lightens their sleep (Stalder et al. 1995) . This might explain the often reported great interindividual variability (Grosse et al. 2002; Stalder et al. 1995) , as well as the large inconsistency of the findings.
The picture is not clearer when we look at the two studies that evaluated the effects of one night of total sleep deprivation on cortical excitability by means of TMS. As a matter of fact, whether Manganotti et al. (2001) reported a decrease in motor cortex excitability, as indexed by increases in MT and silent period, Civardi et al. (2001) found that the same parameters did not change after sleep deprivation.
Therefore, it seems that the acquisition of multiple responses to magnetic pulses (from six to 12 trials) to record a stable (averaged) MEP is incompatible with the intrinsic peculiarities of sleep. For this reason, in the present study we decided to assess MTs upon REM and non-REM stage 2 sleep awakenings, both in the first and in the last part of the night.
In fact, a full re-establishment of wake regional brain activity patterns upon awakening from sleep needs up to 30 min (Hajak et al. 1994; Klingelhofer et al. 1995) , as indicated also by a recent neuroimaging study (Balkin et al. 2002) . These observations have confirmed the long time recognized carry-over effects of the pre-awakening cortical physiology on several behavioral variables assessed upon awakening from different stages of sleep (Bertini et al. 1984; Dinges 1990; Lavie and Sutter 1975; Stones 1977) . Within the framework of the post-awakening technique (Bertini and Violani 1992) , it is possible to make inferences about the neurophysiological characteristics of the different sleep stages by analyzing the variables of interest immediately after provoked awakenings.
METHODS

Subjects
Ten female volunteers aged between 20 and 26 years (mean age ¼ 23.30; SE ¼ 0.58), were selected from a university student population. Subjects were right-handed, as assessed by a lateral preference questionnaire (Salmaso and Longoni 1985) (scores >0.70).
In a clinical interview, the subjects reported the absence of epilepsy or any other neurological condition in themselves and their family history, and the absence of any other medical or psychiatric disorder. Furthermore, by a short recording session they were selected according to the criterion of a good motor cortical representation of the target muscle (abductor digiti minimi, ADM), in order to avoid too high MT. Further requirements for inclusion were: normal sleep duration and schedule, no daytime nap habits, no excessive daytime sleepiness, no other sleep, medical or psychiatric disorder, as assessed by a 1-week sleep log and by a clinical interview.
Participants were required to avoid napping throughout the experiment. Compliance was controlled by actigraphic recordings (AMI Mini motion logger: Ambulatory Monitoring Inc., Ardsley, NY, USA). The local Institutional Ethical Committee approved the protocol of the study and the subjects gave their written informed consent, according to the Declaration of Helsinki.
Materials
Transcranial magnetic stimulation
The stimulators used were two Magstim 200 Mono Pulse connected to a Bistim module and to two figure-of-eight coils with external wing diameters of 9 cm (Magstim Company Limited, Whitland, UK). The peak magnetic field produced by such coils was 2.0 T.
The MEPs of the hand muscles were recorded from the ADM muscles, in both hands. Two Ag-AgCl surface cup electrodes with 9 mm diameter were used: the active electrode was placed over the muscle belly, while the reference electrode over the metacarpophalangeal joint of the little finger. The MEPs were recorded according to standard procedures (Rossini et al. 1994 (Rossini et al. , 1999 , and were stored and analyzed with an electromyography (EMG)-dedicated software (Myto, EBNeuro, Italy).
Polysomnographic recordings
An Esaote Biomedica VEGA 24 polygraph set at a paper speed of 10 mm s )1 was used for polygraphic recordings. Electroencephalogram (EEG) signals were high pass filtered with a time constant of 0.3 s and low pass filtered at 30 Hz; four unipolar EEG channels (Fz-A1, Cz-A1, Pz-A1, Oz-A1) were applied using the international 10-20 system. Submental EMG was recorded with a time constant of 0.03 s. Bipolar horizontal and vertical eye movements were recorded with a time constant of 1 s. Bipolar horizontal EOG was recorded from electrodes placed about 1 cm from the medial and lateral canthi of the dominant eye, and bipolar vertical EOG from electrodes located about 3 cm above and below the right eye pupil. Electrode impedance was kept below 5 kX.
Procedure
Each subject slept for four consecutive nights in a soundproof, temperature-controlled room at the Sleep Laboratory of the Department of Psychology, University of Rome ÔLa SapienzaÕ. During the first night, the MTs were assessed: (1) during presleep wakefulness, 5 min before lights off; (2) upon stage 2 awakening; (3) upon REM sleep awakening; (4) upon the final morning awakening (always from stage 2). The order of the nocturnal awakenings was balanced between subjects. The stage 2 awakening was carried out after 10 consecutive minutes of stage 2 following the first REM period. The REM awakening was carried out after five consecutive minutes of unequivocal REM sleep during the second REM period.
The second night was considered as a baseline, and the subjectsÕ sleep was undisturbed. During the third night the effect of callosal inhibition was assessed, while during the fourth night subjects participated in another TMS study, measuring intracortical changes upon awakenings from SWS and from REM sleep. Each night ended after about 7.5 h of accumulated sleep. Only data gathered during the first night will be reported here.
The individual MT, assessed following a standardized procedure (Rossini et al. 1994) , was defined as the lower intensity level of stimulation able to produce at least three MEPs with 100 lV of amplitude (peak-to-peak) in six consecutive stimulations. This procedure was repeated for both hemispheres. The position of the coil was kept constant throughout the stimulation.
During presleep wakefulness, with subjects laying in bed in dim light with closed eyes, the most effective point on the subject's scalp for eliciting a target muscle (the ADM) stimulation was localized by positioning the coil such that the junction region of the figure-of-eight coil was approximately over the central sulcus and moving the coil in 1 cm steps. Coils were positioned tangentially to the scalp oriented in a postero-anterior direction, 45°from the midsagittal axis of the subject's head.
Immediately after each awakening, two experimenters entered the sleep room and, in very dim light conditions, submitted the subject to the assessment of the MTs. The subjects were told to lay relaxed in bed, with eyes closed, avoiding any movement. To facilitate coil placement, the subject's head was positioned on a special pillow. Moreover, during presleep wakefulness, the brain areas of stimulation were clearly marked on the scalp. On the whole, each MTs recording session upon awakening lasted 6-8 min.
Data analysis
Polysomnographic recordings have been scored according to standard criteria (Rechtschaffen and Kales 1968) to evaluate sleep stages distribution and to ascertain that each awakening was actually carried out from the scheduled sleep stage.
The MTs were submitted to a two-way repeated measures analysis of variance (anova) with State (wake, REM, stage 2) and Hemisphere (right, left). Where needed, post hoc tests of means (Fisher's LSD test) were carried out.
To assess the presence of a time-of-night effect on the MTs gathered upon stage 2 awakenings, a two-way repeated measures anova with Ôpart of the nightÕ (first, second) and Hemisphere (right, left) was carried out.
RESULTS
Polysomnography
The main sleep variables are reported in Table 1 , depicting a typical first night of sleep recording with long sleep and REM latencies, a low sleep efficiency, and a relatively high amount of stage 1 and of intrasleep wake.
Nocturnal awakenings were positioned after 8.5 min (SE ¼ 0.8) of stage 2 during the second sleep cycle (immediately following the first REM period), and after 6.2 min (SE ¼ 0.8) of REM sleep during the second sleep cycle. The final morning awakening was positioned after 8.8 min (SE ¼ 1.9) of stage 2.
Motor thresholds
The anova showed a significant main effect for State (F 2,18 ¼ 11.88, P ¼ 0.0005), indicating that MTs increased from presleep wakefulness (mean ¼ 32.50, SEM ¼ 0.96) to (Fig. 1 ). This increase in MTs is fitted by a linear trend (F 1,9 ¼ 18.47, P ¼ 0.002). The State by Hemisphere interaction approached to significance (F 2,18 ¼ 2.62, P ¼ 0.10). A further exploration of the interaction by means of post hoc tests showed that the hemispheric differences upon REM awakenings, characterized by higher thresholds on the left hemisphere (left hemisphere mean ¼ 34.4, SEM ¼ 1.5; right hemisphere ¼ 33.3, SEM ¼ 0.8) are again just close to significance (P ¼ 0.07).
As regard to the time-of-night effects on stage 2 MTs, anova showed a significant main effect for the Part of the Night factor (F 1,9 ¼ 6.49, P ¼ 0.03), indicating that MTs decrease from the first (mean ¼ 34.65, SEM ¼ 1.25) to the second part of the night (mean ¼ 32.95, SEM ¼ 1.11).
DISCUSSION
Motor thresholds, as assessed by TMS, can be roughly considered an index of the excitability of the corticospinal system, although per se the exact locus of the changes in excitability along the corticospinal pathway cannot be determined. In the present study, the MTs were recorded during presleep wakefulness, as well as immediately after awakenings from different sleep stages. Consequently, some caution in the interpretation of our result is warranted, and any discussion in terms of sleep physiology should be considered as partly speculative. As a further cautionary note, MTs could show a low reproducibility, because of the semi-darkness of the experimental setting and the state of vigilance of the subjects. These limitations are common also to other techniques, like fMRI: changes across time in the homogeneity of the magnetic field in the scanner, and more practical issues, such as the inevitable inaccuracies in repositioning the subject's head in exactly the same position the second time, and inevitable changes in the subject's vigilance level between different recording sessions, could diminish the signal-to-noise ratio and, hence, the sensitivity of the technique (Noll et al. 1997) . However, the high correlations between MTs recorded during presleep wakefulness and those collected during the night upon stage 2 and REM awakenings [presleep versus stage 2 (first part of the night): r ¼ 0.93, P ¼ 0.0001; presleep versus stage 2 (second part of the night): r ¼ 0.81, P ¼ 0.004; presleep versus REM: r ¼ 0.91, P ¼ 0.0003] point to a good reliability of the MT measure also in the specific conditions of the current study.
Given this premise, here we thus show for the first time that MTs linearly increase from wakefulness to REM sleep to NREM stage 2. Moreover, the time-of-night effect indicated that the MTs upon awakening from stage 2 are higher during early sleep than in the last part of the night.
A large reduction of the synaptic evoked discharges in the precentral neurons of the pyramidal tract was already shown in monkeys during NREM sleep as compared with wakefulness; synaptic responsiveness progressively increased from the first seconds of awakening to steady waking (see Fig. 12 in Steriade and Deschenes 1974) . The maximal reduction of corticospinal excitability during early NREM sleep can be related to the hyperpolarization and increased membrane conductance in thalamocortical neurons, which inhibit the incoming messages and deprive the cerebral cortex of potentially disturbing signals from the outside world (Steriade 2003) . The decreased responsiveness of corticofugal neurons may also be accounted for by the decreased input resistance of cortical neurons during SWS (Steriade et al. 2001) .
As sleep progresses and sleep need is fulfilled, cortical excitability increases, as already shown by the linear decrease of auditory arousal thresholds during the night (Ferrara et al. 1999) . This results are in line with the well-known greater slowwave activity (EEG power density in the 0.75-4.5 Hz range) in the first part of the night, which typically declines across successive sleep cycles (e.g. Borbely et al. 1981) . The heightened MTs in NREM sleep seem also consistent with the decreased metabolic activity of motor cortices during this sleep stage (Maquet 2000) and the increased EEG slow-wave activity in the fronto-central areas (Ferrara et al. 2002) .
Motor thresholds upon awakening from REM sleep lay between wake and stage 2. Muscle atonia during REM sleep is because of a powerful brainstem inhibitory effect on spinal motoneurons (Morales and Chase 1981) . Nevertheless, it has previously been demonstrated that TMS pulses delivered to the motor cortex of humans evoke muscle responses even during REM sleep (Grosse et al. 2002; Hess et al. 1987 reflect peripheral factors. In line with this interpretation is, for example, the absence of a H-reflex during human REM sleep (Shimizu et al. 1966) . On the contrary, positron emission tomography studies show a significant activation of motor and supplementary motor areas in normal human subjects during REM sleep (Maquet 2000; Schwartz and Maquet 2002) . It has been suggested that an increased cortical excitability during REM sleep may compensate for the concomitant strong spinal inhibition (Hess et al. 1987; Stalder et al. 1995) . Additional evidence comes from extracellular recordings, showing that both motor cortex and subcortical motor areas are activated during REM sleep (Steriade and Hobson 1976) . Also intracellular recordings of cortical cells in sleeping cats have shown very high firing rates of cortical neurons during REM sleep (Steriade et al. 2001) .
As far as the functional meaning of the reported MT changes are concerned (MT changes were indeed not very large, ranging between 1.35 and 2.15% of the stimulator's output, which are equal to a 4.2-6.6% change relative to the presleep MT), a final answer is indeed not yet available. Nevertheless, during waking it has been found that MT differences are correlated with some kind of manual performance (finger tapping speed, pegboard test and static strength) (Triggs et al. 1994) .
Finally, we found that upon REM awakenings, MT were tendentially higher on the left hemisphere. Although not statistically significant, the result of a higher excitability of the right hemisphere during REM sleep is in line with previous studies showing a right hemisphere superiority during REM sleep, as a consequence of the carry over of the particular pattern of functioning of the cerebral hemispheres, which persists in the waking state for a few minutes immediately following the awakening (Bertini et al. 1984; Gordon et al. 1982; Lavie 1986 ).
In conclusion, our findings may be considered as an encouraging initial step in the neurophysiological study of the corticospinal organization in different sleep stages by means of the TMS, legitimating the introduction of this technique as a new appropriate tool for sleep research.
